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Subwavelength Semiconductor Lasers exploring different confinement schemes
L.J. Guo, P.C. Ku, P.K. Bhattacharya, University of Michigan, Ann Arbor, M1 48109

Problems to be addressed:

As the demand for interconnect speed and architectural complexity increases, the optical
interconnect is a potential candidate for future intra- and inter-chip communications, offering a
higher bandwidth at lower energy consumption. A dense optical interconnect network requires
nanoscale components to be compatible with electronic components. In addition to nanoscale
optical modulators, waveguides, and photodetectors, nanoscale resonators can provide most of
the remaining functions that are needed including both passive signal processing such as add-
drop filtering,* dispersion compensation,? and signal buffering® as well as active light generation
and manipulation such as lasers® and switches. Furthermore, a ring resonator, a photonic crystal
resonator, or coupled microdisk resonator can all be lithographically defined and evanescently
coupled to an optical waveguide. Therefore high density integration of various resonators of
wavelength dimension and different functions is possible.

1. Semiconductor Nanoring Lasers

In this DARPA project, P.C. Ku group have proposed, theoretically designed, and
experimentally demonstrated a sub-wavelength ring laser with a tunable emission wavelength.
The semiconductor nanoring laser is suitable for the optical interconnect application because it
possesses unique advantages that include a traveling-wave cavity without a need for additional
feedback structures, convenient in-plane coupling to an output waveguide, and independent
control of emission wavelength from the device size.

One problem with typical nanolasers is that, due to nanolasers’ innate nature of short cavity
length, their free spectral range is usually very large. Therefore, it is difficult to fine-tune lasing
wavelengths while scaling the laser dimensions. To mitigate this problem, metal-clad
semiconductor nanoring lasers were proposed previously. The metal-cladding enables tighter
confinement of electric field inside the semiconductor via a hybrid dielectric-plasmonic
confinement. The nanoring laser has two parameters that control the resonance wavelength, ring
diameter and width, which make it easier to control lasing wavelength and dimensions
independently. For example, semiconductor nanoring laser’s outer diameter can stay constant
while controlling the lasing wavelength using ring width. The two parameters can be used
together to optimize the cavity Q factor. This results in constant overall laser dimensions with
multiple possible lasing wavelengths within a small range, making the semiconductor nanoring
lasers attractive for on-chip use for a couple of reasons. Firstly, constant physical dimensions
make the placement of nanoring lasers exhibiting different output wavelengths in an ultradense
layout easier. Secondly, the possibility of multiple wavelengths within a small range makes on-
chip wavelength-division multiplexing (WDM) possible, enabling a more efficient on-chip
optical interconnect network. While it is true that gratings have been a preferred choice for
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resonance wavelength control for larger laser cavities, it is quite difficult to integrate other
wavelength-controlling feedback structures such as gratings into a nanoscale laser cavity because
of the size. Therefore, as dimensions become smaller, multiple design parameters give an added
advantage of wavelength control. In this project, we experimentally demonstrated a metal-clad
sub-wavelength nanoring laser with a 1.2-um diameter (0.94,) and 0.8, height using plasmonic
structures. Furthermore, we demonstrated the tuning of the lasing wavelength via the ring width
while keeping the laser dimensions constant.

Scanning electron micrographs of a semiconductor nanoring laser of 1.2-um diameter before and
after the metal deposition are shown in Fig. 1. The device diameter is defined as the outer
diameter of the semiconductor part of the ring. According to 3D FDTD simulation, it is a single-
transverse-mode laser. Micro-photoluminescence (u-PL) measurement was carried out to
demonstrate lasing in the 1.2-um metal-clad nanoring cavity. The measurement was performed
with the substrate kept at 10K to minimize non-radiative recombination processes. A standard p-
PL was used with a 1064 nm wavelength continuous-wave (CW) pump laser. Spontaneous
emission was collected by an objective lens with a numerical aperture of 0.55, which was
subsequently dispersed by a 0.5-m focal-length monochrometer and detected by a cooled InGaAs
photodetector. Results of the measurement are shown in Fig. 2. Progression of a lasing peak is
clearly seen in the figure. Along with the stimulated emission, spontaneous emission also
becomes broader. The PL data are analyzed further, and the pump power vs. peak PL intensity is
plotted in Fig. 3. Transition from spontaneous to stimulated emission occurred at the pump
power of 10 mW. Of the 10 mW of pump power, only a small fraction actually corresponds to
pump absorbed by the active region. Assuming a 6-um diameter of focused laser spot, the actual
absorbed power is 50 uW. The mode volume of the metal-clad nanoring resonator cavity of 1.2
um diameter is calculated to be 0.004 um®. The 1.2-um nanoring laser has a spontaneous
emission coupling factor, g, of 0.01. The high g factor leads to decreased threshold pump power,
as observed in Fig. 3.
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Fig. 1 SEM images of a nanoring laser after etching, | Fig. 2 Intensity-dependent pu-PL of a 1.2um-diameter
prior to (left) and after (right) metal deposition. metal-clad ring laser with 250nm ring width.
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Fig. 3 Pump power vs. peak PL intensity of 1.2-um | Fig. 4 Lasing wavelength shift due to ring width
diameter metal-clad nanoring. variation. Lines are for visual guidance only.

To demonstrate wavelength tuning, metal-clad nanoring lasers of 1.2—um diameter with various
ring widths were fabricated and measured using the identical optical measurement scheme
described above. The results are shown in Fig. 4. It can be clearly seen that, by altering the ring
width between 240 nm and 340 nm, the lasing wavelength can be fine-tuned to within a 10 nm
range. The oscillatory behavior of the lasing wavelength is due to the shift of nearby resonance
peaks in and out of the spontaneous emission range of the epi-structure. According to the 3-
dimensional finite-difference-time-domain (3D-FDTD) simulations, the resonance peaks
undergo a red-shift behavior with increasing ring width in general. In Fig. 4, resonance peaks
within the spontaneous emission range of the epi-structure from 3D-FDTD simulations are
plotted along with the experimental data. The trend agrees well with the experiment. The
discrepancy of the lasing wavelengths may be due to the passive active region assumed in the
calculations.

In summary, lasing in a 1.2-um diameter sub-wavelength metal-clad nanoring resonator has been
demonstrated. The emission wavelength can be tuned for a 10-nm wavelength range by changing
the ring width from 240 nm and 340 nm.

2. Monolithic single GaN nanowire laser with a photonic crystal microcavity on silicon

In the last phase of this program Bhattacharya group exploited a different scheme to produce
highly confined laser cavity, by embedding a semiconductor nanowire in the very center of a
photonic crystal cavity. The successful catalyst-free growth of Ga(In)N nanowires of 20-100 nm
diameter and lengths up to 2 um on both (001) and (111)-oriented silicon substrates has been
recently demonstrated. As shown in Figs. 5(a) and (b), the nanowire density can be varied in the
range of 10%-10* cm™ and the emission wavelength can be tuned, by varying the In composition,
from 366 to 700 nm at room temperature. Most importantly, the nanowires grow vertically in the
wurtzite crystalline form and detailed structural characterizations indicate that they are relatively
defect-free (Fig. 5(c)). This is mainly due to their large surface-to-volume ratio. Consequently,
there is much interest in developing nanoscale lasers using semiconductor nanowires. In this
report, an optically pumped monolithic single GaN nanowire laser on silicon with a two
dimensional (2D) photonic crystal (PC) resonant cavity is presented, which has a sub-wavelength
modal volume, operating at room temperature.



Fig. 5 (a) and (b) Cross-sectional SEM images of catalyst-free GaN nanowires grown by plasma-assisted MBE with
different densities of ~1x10™ cm™ on (001) Si (a) and ~1x10% cm™ on (111) Si (b); (c) high resolution TEM image
of a GaN nanowire with a diameter of 20 nm which exhibits no observable defects. The inset shows the diffraction
pattern indicating the nanowire is a single crystal wurtzite structure with the c-axis along the growth direction.

The device heterostructure, schematically shown in Fig. 6(a), consists of a single GaN nanowire
at the center of a H2 defect. This single nanowire is surrounded by a 2D PC microcavity
fabricated in a TiO, layer and a spin-on-glass (SOG) layer as a low refractive index material to
reduce optical loss from the TiO, layer to the Si substrate. The measured optical refractive
indices of SOG and TiO; at A=380 nm are 1.4 and 2.5, respectively and the imaginary part of the
refractive index of TiO, is ~0.001. As a resonator, a H2 defect PC microcavity is chosen to
tolerate any alignment error in a lithography step and is designed by using the PWE method and
three-dimensional (3D) finite difference time domain (FDTD) simulation.

GaN nanowire

(111) Si substrate

Fig. 6 (a) Schematic representation of nanowire laser consisting of a single GaN nanowire and a two dimensional
photonic crystal microcavity in the TiO, layer (120 nm); (b) an oblique view SEM image of the fabricated device.
The single GaN nanowire is well-aligned in the center of the H2 defect of the photonic crystal microcavity.

Figure 6(b) shows the fabricated device with a single nanowire aligned in the center of the H2
defect of the PC microcavity. A small hollow that is formed around the nanowire in the center of
the H2 defect is due to the directional nature of TiO, deposition. The calculated Q-factor, mode
volume, and confinement factor I' are 570, ~0.003223 um® (0.92(A/n)*), and 0.04, respectively.
The modal gain estimated from the Q-factor is ~520 cm™ and the corresponding optical gain at
threshold is ~13,000 cm™, which is achievable in GaN.

The device is optically excited at room temperature with a pulsed laser at A = 266 nm with a
pulse duration of ~100 fs. Figure 3(a) shows the output spectra recorded for pump power
densities of 95 kW/cm? (below threshold), 143 kW/cm? (slightly above threshold), and 477
kW/cm? (above threshold). At low pump power density (~95 kW/cm?), a broad GaN bandedge



emission with a full width at half maximum (FWHM) of ~10 nm is observed. The output
emission also exhibits a fairly narrow peak (~4.5 nm) at A=370.4 nm which is believed to be due
to the Purcell effect which enhances spontaneous emission. The enhanced spontaneous emission
peak becomes more pronounced near threshold (120 kW/cm?) and evolves into a coherent lasing
peak above threshold. The lasing peak is made up of two transitions, indicated by the two
Gaussian fitting curves, with the dominant transition having a linewidth of ~0.55 nm limited by
the measurement system. To understand the origin of the dual lasing peaks, the resonant modes
were calculated for different positions of the nanowire in the H2 defect. As shown in Fig. 7(b),
there are two degenerate modes at a/A = 0.2826 and 0.28267 (black lines), which are spectrally
very close when the nanowire is placed in the center. As the nanowire is placed off-center in the
H2 defect, the two degenerate modes becomes more separated, leading to individual modes at
a/h = 0.28167 and 0.28191 (blue lines). We therefore believe that the dual lasing peaks result
from a lifting of the degeneracy of the dominant H2 cavity modes due to an off-center
positioning of the GaN nanowire within the defect
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Fig. 7. (a) Photoluminescence of the laser at pump power densities of 95, 143, 477 kW/cm?. Spectra are offset for
clarity. The inset shows the lasing spectrum (blue circles), which is matched to the sum of two Gaussian peaks
(green and red solid lines); (b) Calculated resonant modes with the nanowire in the center (black) and off-center by
60 nm (blue). Mode profiles of each case are shown on the right.
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Fig. 8. (a) Variation of peak output intensity with pump power; (b) log-log plot of spectrally integrated light
intensity (red circles) versus pump power density. Theoretically calculated light intensity using the rate equations is
also shown for spontaneous emission factors () of 0.02, 0.08, and 0.15.

The measured variation of the peak intensity of the emitted light with pump power density is
shown in Fig. 8(a). A clear lasing threshold is observed at a pump power density of ~120



kW/cm?. Calculated plots of emission intensity versus pump power density on a log-log scale are
shown in Fig. 8(b). Calculations were done for values of the spontaneous emission factor B of
0.02, 0.08 and 0.15. The optical gain was approximated by a linear model, g(n)=go(n-ny), where
go=2.5x10"® cm? and ny=7.5x10"® cm™. The measured integrated emission intensity versus
pump power density is also plotted alongside the calculated curves. The best agreement between
calculated and measured data is obtained for § = 0.08.

3. Photonic crystal microdisk lasers with exceptional spontaneous emission coupling to the
lasing mode

Jay Guo group have exploited a coupled photonic molecule laser in the last year of the program.
This structure is investigated as an alternative to the metal-capped microdisk laser developed
earlier in the program, to address the optical loss of the surface plasmon wave. Ideally ultrahigh-
efficiency semiconductor laser should have the following characteristics — high quality factor
(Q), large spontaneous emission coupling factor (B), small device volume, and ease of
integration. B is defined as the ratio of spontaneous emission into lasing mode to the total
radiative emission; a large B will lead to reduced threshold for lasing. In this regard, different
types of cavities mentioned above each has its own advantages and limitations. A long existing
issue for microdisk lasers is the small spontaneous emission coupling rate () in microdisk. We
found that it is due to the coupling of emitter spontaneous emission into competing Fabry-Perot
(FP) modes in the microdisk cavity. We propose a new type of photonic crystal microdisk (PCM)
laser to drastically suppress the photonic density of states in the vertical FP modes. As a result,
we obtained a three-fold increase of B than previously reported highest B of 0.15 at room
temperature. The spontaneous emission control in truncated photonic crystals becomes efficient
when the period number is more than one. We also demonstrate a three-stack PCM laser at low
temperature with B as high as 0.72, which is 24 times higher than that in typical single microdisk
(0.03), which also results in 50% threshold reduction.

The primary reason for small B of WGM in microdisks is stated in the previous paragraph: strong
competition between lasing and nonlasing modes. Clearly, to significantly improve 3 of the
lasing WGM mode, suppressing radiation into all the non-desirable modes becomes crucial. This
can be done by reducing ¥nenizzing: According to Fermi’s golden rule, manipulation of the
photonic density of states controls spontaneous emission. Therefore, large B to the lasing mode
can be achieved by minimizing the mode density of the other competing and non-lasing modes,
e.g., the FP modes in a microdisk cavity. Theoretically, the mode density can be modified
effectively even by truncated 1D PhC, where the PhC structure is terminated by a bulk material
with only finite pairs.

To boost B of the WGM modes in microdisk cavity, we propose a photonic crystal microdisk
laser shown in Fig. 9(a). This device, consisting of multiple stacks of microdisks, is designed
specifically to suppress the optical DOS in vertical direction and therefore to funnel most
spontaneous emission into a lasing WGM mode. We fabricated the PCM lasers on a substrate
with GaAs/AlGaAs stack structures. AlGaAs is selectively etched to make air gap as the low
index layer of the PCM. A scanning electron micrograph image of the fabricated laser device is
shown in Fig. 9(b). To fabricate the device, first a 300nm oxide film is deposited with plasma-
enhanced chemical vapor deposition (PECVD). Then the electron beam lithography (EBL) is
performed, followed by Ni deposition and a lift-off process. The resulting Nickel disk pattern is
used as a hardmask in the following dry etching of the whole stack with inductively coupled



plasma reactive ion etching (ICP-RIE). The PCM structure is realized with the final step of
selective etching of Al 75Gag 2sAs in dilute buffered hydrofluoric acid.

(a) (b)

2 QWs

1000nm

Fig. 9. (a) the schematics of the photonic crystal microdisk (PCM) laser and the field distribution of the WGM mode
TE(9,1) (b) scanning electron micrograph image of PCM laser.

The measurement setup is a micro-luminescence (u-PL) system by using a Ti:Sapphire pulsed
laser as excitation source. We demonstrated a single mode PCM laser with a disk diameter of
1.2um at room temperature. The threshold spectrum below and above threshold is presented in
the logarithmic scale in the Fig. 10(a). Single mode lasing is obtained at wavelength of 969nm,
in good agreement with the simulation. The 3dB bandwidth is 1.2nm, indicating an active Q of
890. Moreover, the clear cavity peak with suppressed broad spontaneous spectrum below
threshold verifies that the spontaneous emission is dominated by the lasing WGM mode in the
PCM structure. The colored solid curves in this graph are calculated in log-log scale for purcell
factor of 5.3, whereas the threshold curve in the logarithmic scale is depicted with triangular
marks in this figure. B of the two-stack PML is fitted to 0.5, which is enhanced more than 3 folds
than the typical value 0.15 for a single microdisk cavity. This increasing B verifies again our
hypothesis that the suppression of DOS in vertical direction helps improving the spontaneous
emission coupling rate into WGM lasing mode. This experimental result matches with the
simulated coupling rate.
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calculated threshold curve with various B(colored solid lines) and the experimental L-L curve (triangle dots). Inset
illustrates the experimental L-L curve in linear scale.



To further verify that multiple pairs of photonic crystal in PCM can boost 3 and reduce pumping
threshold, we designed a three-pair photonic crystal microdisk cavity (Fig. 11); and performed
thorough coupled wave analysis. The multiple stacks result in large spontaneous emission factor
~0.72 and the inter-coupling strength ~0.39THz of optical modes between adjacent disks is at
least one order of magnitude higher than the dot-cavity coupling strength (10-30GHz) that has
been realized thus far. This is a distinct advantage to possibly realize the long-distance coupling
between two quantum dots in different locations. We expect that vertically coupled PM
microdisks will be helpful in some functional devices in QED and highly-dense photonic
integrated circuits .
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Fig. 11. (Top panel) Schematic of the PM microdisk laser and Scanning electron micrograph image of PM
microlaser. Lower panel (a) Evolution of emission spectra from PM microdisk laser of 1.401m in diameter. (b)
Emission intensity vs. pump power for three supermodes. Solid lines show the rate-equation-model fit to the
experimental data.

In conclusion, we have shown that photonic crystal microdisk laser cavity provides a large
spontaneous emission coupling rate into whisepering gallery mode. This is achieved because the
photonic density of states corresponding to the vertical FP resonances is effectively suppressed.
We have also demonstrated that more than one pair of photonic crystal can give strong
modification of optical density of states in the direction normal to the disk. With a greatly
increased spontaneous coupling rate to the lasing WGMs with small mode volumes, this
structure may pave the way for high-efficiency mcrodisk lasers such as thresholdless laser and
single photon source.



